Objective: The present study was performed to evaluate the potential influence of the estrogen milieu in modulating the effects of GH/IGF stimulation by a GH-releasing peptide, hexarelin (HEXA), on bone metabolism and mineral density in middle-aged female rats. Methods: HEXA was administered for 60 days (50 mg/kg s.c. twice a day) to intact and ovariectomized (OVX) 11-month-old female rats and changes in bone parameters were evaluated with respect to those of the same rats under baseline conditions and with those of control rats (intact and OVX) administered isovolumetric amounts of physiological saline. Serum total alkaline phosphatase (ALP) and urinary deoxypyridinoline (Dpd) were measured before and at various times during HEXA treatment. Bone mineral content (BMC) and density of lumbar vertebrae and femoral mid-diaphyses were measured by dual energy X-ray absorptiometry before and after treatment. In all groups, serum IGF-I levels were determined before and during treatment and the GH secretory response to HEXA was assessed at the end of the experiment. Results: In intact rats, HEXA did not modify Dpd urinary excretion, induced a trend toward an increase of serum ALP activity and significantly increased BMC (þ6.5%) and bone area (+4.1%) only at lumbar vertebrae. In OVX rats, HEXA did not modify the OVX-induced increase in bone turnover markers (Dpd and ALP) and did not affect the OVX-induced vertebral bone loss, but significantly increased BMC (þ7.2%) and bone area (þ 5.3%) at femoral mid-diaphyses. HEXA significantly increased serum IGF-I levels at day 14, but not at day 60, in both intact and OVX rats, whereas the GH secretory response to HEXA was higher in the former than in the latter. Conclusions: Overall, the present data demonstrate that chronic HEXA treatment increases BMC and bone area at lumbar vertebrae in intact rats and at femoral diaphyses in OVX rats. The different sensitivity to HEXA of the skeletal districts examined is related to the estrogen milieu and may reflect a complex interplay between estrogens and GH/IGF function.
Introduction
Estrogens exert regulatory actions on the human growth hormone (GH)/insulin-like growth factor (IGF-I) axis by enhancing GH secretory burst amplitude, suggesting that the interactions between GH/IGF and estrogens might be of relevance for the maintenance of bone mass at menopause. The observations that: (i) GH levels are positively related to estrogen levels (1); (ii) in postmenopausal women estrogen-replacement therapy increases GH secretion and decreases IGF-I circulating levels (2); (iii) surgically induced menopause (i.e. bilateral oophorectomy) increases serum IGF-I concentrations (3) ; and (iv) estrogens and GH exert synergistic actions on human osteoblast-like cells (4) fit in well with the above view and open the perspective that the normalization of the GH/IGF-I axis should be of therapeutic benefit in patients with postmenopausal osteoporosis. However, the few studies performed so far in elderly osteoporotic women treated with GH or IGF-I have led to conflicting results and the therapeutic perspectives of GH for bone loss are still matters of debate (5, 6) .
Among the several strategies to restore and/or enhance the GH/IGF-I axis, the use of GH secretagogues (GHSs) has drawn considerable interest. These latter compounds, i.e. synthetic, not natural, peptidyl and non-peptidyl molecules with no structural homology with GH-releasing hormone (GHRH), appear to circumvent the problems related to exogenous GH and/or IGF-I administration and offer the unique opportunity to reset in a physiological way the GH/IGF-I axis and then to study how estrogens and GH/IGF function interact on bone metabolism. Such studies can be performed in female rats because, despite speciesspecific differences in the neuroregulation of GH secretion (7) , they are responsive to GHSs, and ovariectomized (OVX) rats, like postmenopausal women, undergo bone loss as a consequence of estrogen depletion (8) (9) (10) .
Along this line of reasoning, the following study was designed to assess the influence of stimulation of the GH/IGF-I axis on the adult skeleton depending upon the estrogen milieu. Hence, bone metabolism and bone mineral density (BMD) were evaluated in intact or OVX rats with normal or enhanced GH secretion ensuing from long-term administration of a GHS, hexarelin (HEXA), a peptide already tested in male rats and found effective in preventing bone loss due to androgen deficiency (11) . The possible bias due to the OVXinduced enhancement of circulating IGF-I (12) and the ensuing activation of the negative IGF-I feedback on the GH response to HEXA was considered, and serum IGF-I levels were measured throughout the course of the experiments. The presence of a GH secretory response to an acute challenge with HEXA at the end of the experiment was assessed to ensure the resiliency of HEXA action to the negative GH autofeedback mechanism.
Materials and methods

Experimental protocol
Thirty-two female retired breeding Sprague -Dawley rats (Harlan, Calco, Italy), 11 months old at the beginning of the study, were used. To allow a controlled environment, all rats were kept individually at 25 8C with a 12 h light:12 h darkness cycle; they had freely available standard rat diet (Charles River, Calco, Italy) and water. The body weight (BW) of the rats was monitored once a week during the study. All experimental procedures were approved by the Ethic Committee of the Department of Pharmacology of the University of Milan.
This study was carried out to examine the effects of HEXA (kindly supplied by Pharmacia & Upjohn, Stockholm, Sweden) on bone metabolism and BMD in intact or OVX rats. For this purpose, bone parameters and biochemical markers of bone turnover were monitored in the same animal at baseline and at various days of treatment.
The rats were weight matched and randomly divided into four groups of eight animals each; two groups underwent bilateral OVX under ether anesthesia; two groups remained intact. The treatment groups were the following: intact þ saline, intact þ HEXA, OVX þ saline, OVX þ HEXA. HEXA was administered s.c. at 50 mg/kg twice a day (b.i.d.), one injection between 0800 and 0900 h and the other between 1600 and 1700 h. Control rats (intact and OVX) received isovolumetric amounts of saline solution. Treatments started immediately after OVX and lasted 60 days. The dose, timing and route of administration of HEXA were chosen based on previous studies (11) . BMD measurements were evaluated at the start (t 0 ) and at day 60 (t 60 ) of treatment. Twenty-four hour urine samples for measurements of deoxypyridinoline (Dpd), a marker of bone resorption, were collected from rats housed in metabolic cages (Techniplast; Gazzada, Varese, Italy) at t 0 and at t 14 , t 30 and t 60 of treatment. Samples were immediately frozen and stored at 2 20 8C until assayed. Blood samples for measurement of IGF-I (t 0 , t 14 and t 60 ) and total alkaline phosphatase (ALP) (t 0 , t 14 , t 30 and t 60 ) activity, a marker of bone formation, were drawn, under light ether anesthesia, by cardiac puncture. Serum was stored at 2 20 8C until assay.
Twenty-four hours after the last administration of HEXA or saline, all rats were sampled from the retroorbital venous plexus before and 20 min after an acute challenge with HEXA (50 mg/kg s.c.) for measurement of GH plasma concentrations.
Assays
Total urinary Dpd levels were measured by reversephase HPLC as previously described (13) . Briefly, urine samples (250 ml) were hydrolyzed in an equal volume of 12 mol/l HCl at 110 8C overnight. Hydrolysates were applied to SPE CF-1 cellulose columns (BioRad Laboratories, Segrate, Italy) to extract the analytes. Samples were eluted with 1.5 ml 1% heptafluorobutyric acid. The analytes were detected fluorometrically (excitation 295 nm, emission 400 nm) utilizing their native fluorescence. The detection limit was 5 pmol/ml. The interassay variation was 10.4%. The total daily excretion of Dpd was corrected for creatinine excretion and expressed as nmol/l Dpd:mmol/l creatinine. Urinary creatinine was measured colorimetrically using a commercial kit (Sigma Diagnostics, Milan, Italy). Urinary Dpd samples from the same rat were measured in a single run.
Total serum ALP was determined using a commercial kit (MPR3) provided by Boehringer Mannheim, Mannheim, Germany. Inter-and intra-assay coefficient of variation (CV) values were 3 and 3.3% respectively.
Plasma GH was measured by RIA using materials supplied by the National Institute of Arthritis, Metabolism, and Digestive Diseases, Baltimore, MD, USA (NIAMDD). Results are expressed in ng/ml of the reference standard (NIAMDD-rat-GH-RP-2). The sensitivity of the method was 0.5 ng/ml. Inter-and intra-assay CV values were 12 and 8.5% respectively. Total IGF-I concentrations were measured using a commercial kit (rat IGF-I RIA; Mediagnost, Tü bingen, Germany). The detection limit of the assay was 21 ng/ml.
Bone mineral measurements
All rats were anesthetized with ketamine hydrochloride (100 mg/kg, i.p.) plus xylazine (4 mg/kg, i.p.) and scanned by dual energy-X-ray absorptiometry (DXA) with a Hologic QDR-1000 instrument (Hologic Inc., Waltham, MA, USA) in the ultra-high resolution mode with a longitudinal line spacing of 0.254 mm, implemented with a collimator 1.0 mm in diameter and with the High Resolution Software (version 4.47) analysis adapted for small animals. The femoral middiaphysis subregion and lumbar spine were scanned. The region of interest was positioned normally to the longitudinal axis of the femur in the subregion of the middle diaphysis and over four vertebrae (L1 -L4). The software provided the area (cm 2 ), the bone mineral content (BMC) (g) and the BMD (g/cm 2 ) of the selected subregion of the femur and of the vertebrae. We selected these skeletal sites since reportedly they are the most sensitive to GH treatment (14) . The reproducibility of BMD and BMC measurements by this DXA, evaluated by ten measurements, was 1% for BMD and 3% for BMC (CV values).
Statistical analysis
Statistical analysis was performed with a statistical package (PRISM; GraphPad Software San Diego, CA, USA). All data are shown as means^S.E.M. Within each group, changes from baseline were tested by one-way repeated-measures ANOVA followed by a Bonferroni multiple range test or by a two-tailed paired t-test. For comparison between groups at the same time, two-tailed unpaired t-tests were used.
Serum IGF-I values were expressed either as absolute values or as t n /t 0 (t n ¼ value at time n). To normalize the variation of IGF-I levels with respect to basal values, statistical analysis was performed on t n /t 0 . P , 0:05 was considered significant.
Results
In intact saline-or HEXA-treated rats, no significant change in the urinary excretion of Dpd, the specific index of bone resorption, was observed throughout the experimental period. As expected, OVX caused a significant increase in the urinary excretion of Dpd by t 14 , an effect which was not modified by HEXA administration ( Fig. 1 ). For ALP activity, a marker of bone formation, no significant change with respect to baseline was observed in intact saline-or HEXA-treated rats, even though a trend toward an increase was detected in the latter. Conversely, serum ALP activity was significantly increased over baseline starting from t 30 until t 60 in saline-treated OVX rats and even earlier (t 14 ) in HEXA-treated OVX rats (Table 1 ). Throughout the experiment, vertebral ( Table 2) and femoral mid-diaphysis BMD values (Table 3) remained unchanged in intact saline-and HEXA-treated rats. At the end of the experiments, however, the intact HEXA-treated group showed an increase in BMC and bone area at lumbar vertebrae and femoral middiaphyses, which reached significance from baseline only in the former site ( Table 2 ).
In saline-treated rats, OVX caused a significant decrease in both vertebral BMC (2 10.9%) and BMD (2 5.3%) values (Table 2) , whereas no BMC or BMD changes were detected in the femoral mid-diaphyses (Table 3) . Treatment with HEXA did not influence the OVX-induced vertebral bone loss ( Table 2 ), in that the percentage of BMC (2 7.3%) and BMD (2 6.3%) decrease was not significantly different from those detected in saline-treated OVX rats. HEXA induced a significant increase in BMC and bone area at the femoral mid-diaphysis ( Table 3 ).
The GH response to an acute challenge with HEXA in all rats after 60 days of treatment is shown in Fig. 2 . Since overall baseline GH levels 24 h after the last administration of HEXA were not different from those of saline-injected rats, data were pooled in a single group in both intact and OVX rats. Acute HEXA administration significantly increased GH secretion in all the experimental groups, and in intact rats pretreated with HEXA the GH stimulatory activity of acute administration of the peptide was significantly higher than that of saline-treated rats. In addition, the magnitude of the GH response to the peptide was different depending upon the estrogen milieu. Hence, after the acute HEXA challenge the GH response in OVX rats was significantly lower than that of intact rats.
In intact rats, HEXA administration induced a significant increase in serum IGF-I levels at t 14 , and thereafter, IGF-I levels returned to baseline. OVX significantly increased IGF-I levels starting from t 14 and until t 60 days. The OVX-induced elevation in serum IGF-I levels was significantly magnified by chronic HEXA treatment on t 14 , although at the end of treatment circulating IGF-I levels in HEXA-treated OVX rats were comparable with those of saline-treated OVX rats (Fig. 3) .
The mean BW of all rats at the beginning of the experiment was 311^4 g: HEXA, despite its GH-releasing activity, did not influence BW, no difference in the final weight being detected in intact HEXA-treated ð326^9 gÞ vs saline-treated ð331^15 gÞ rats. This is probably due to the fact that the growth of these middle-aged rats had plateaud. Estrogen deficiency resulted in a significant ðP , 0:01Þ weight increment with respect to baseline value in saline-treated OVX ð343^7 gÞ and HEXA-treated OVX ð349^5 gÞ rats.
Discussion
The present study shows that the estrogen environment modulates the bone effects of HEXA. In intact rats, HEXA caused a significant increase in BMC (þ 6.5%) and bone area (þ 4.1%) at lumbar vertebrae and a smaller increase of the same parameters at the femoral diaphyseal site investigated. Under a state of estrogen Table 1 Effects of 60 day treatment with HEXA (50 mg/kg s.c., b.i.d.) on serum ALP activity (U/l) in intact and OVX rats at days t 0 , t 14 , t 30 deficiency, sustained HEXA treatment did not affect the OVX-induced bone loss at the lumbar vertebrae whereas it significantly increased BMC (þ 7.2%) and bone area (þ 5.3%) at the femoral diaphysis. In either condition, the parallel increase in BMC and bone area caused by HEXA can account for the unchanged BMD values.
In saline-treated intact rats, both DXA parameters did not change throughout the experiments at either skeletal site examined; this implies that in HEXAtreated rats the observed increase in BMC and bone area was actually due to administration of the peptide. In keeping with this finding, long-term administration of ipamorelin and GHRP-6, two other GHSs, induced an increment of lumbar BMC in young intact female rats (15) .
The finding that HEXA, besides GH, significantly increased serum IGF-I levels raises the possibility that the detected increase in BMC could be due to the known bone-promoting activity of both GH and IGF-I. Indeed, it has been reported that in intact female rats GH or IGF-I treatment increases vertebral and femoral cortical bone mass (16, 17) . However, considering the lack of increase in circulating IGF-I at 60 days of HEXA treatment, it is possible that GH alone and/or the stimulatory action of GH on the bone IGF system (18) may play a role in the bone response to HEXA. In intact rats, the more pronounced increase in BMC at vertebral rather than at diaphyseal sites after HEXA treatment may reflect the contrasting action of estrogens and the activation of the GH/IGF system in the shaft of long bones. The known inhibitory action of estrogens on periosteal bone formation (19) could have negatively influenced the anabolic action of GH/IGF-I on diaphyseal bone. On the other hand, on cancellous bone the primary action of estrogens is to inhibit bone resorption via growth factors and cytokines production by osteoblasts, which in turn regulate osteoclast differentiation and activity (20) . Since GH/IGF-I enhances the entire bone remodeling and/or modeling sequence (21) , estrogens, by shifting the balance toward bone formation at bone multicellular Our biochemical data, however, are not consistent with the view that the increase in GH/IGF-I ensuing from HEXA administration exerted a positive influence on bone balance at the remodeling level. In fact, urinary Dpd excretion, an index of bone resorption, did not change in the intact rats following HEXA treatment.
It is likely that the observed increase in BMC and bone area detected in HEXA-treated rats might be due to activation of the modeling process via an enhanced bone apposition rate at the periosteal surface. The gradual increase in ALP activity induced by HEXA and the difference between the ALP changes in the HEXA-treated vs control rats (þ 38% vs þ 1% respectively) at the end of the experiments would support this view. Accordingly, in a previous clinical study, the GHS MK677 induced a gradual, sustained increase of bone formation markers (22) . In contrast to the present study, in a previous report we found HEXA ineffective in old dogs in modifying ALP activity (23) .
Histomorphometric analyses are therefore mandatory before an effect of HEXA on the periosteal envelope can be unequivocally established.
A number of in vivo and in vitro findings bespeak a complex regulatory action of estrogens on circulating GH/IGF-I levels as well as on bone. Estradiol sensitizes the pituitary to GHRH (24) , and in adulthood, by inhibiting the hepatic synthesis of IGF-I, impairs the negative feedback regulation of GH release (25) . Accordingly, estrogens increase GH responses to various GH-releasing stimuli in rats and in postmenopausal women (26, 27) . Opposite changes are reported in estrogen deficiency; in fact, the GH-releasing activity of HEXA is reduced in postmenopausal women (28) . It is possible that the increase in serum IGF-I levels detected during estrogen deficiency could account for the decreased GH stimulatory effect of HEXA in OVX rats. Therefore, a likely explanation for the lack of response to HEXA of OVX rats at the lumbar spine is that the amount of GH that the peptide could release was too small to counteract the bone loss induced by OVX. In this context, it is worth noting that only high doses of GH have been reported to reverse the OVX-induced bone loss at vertebral sites (14, 29) . Furthermore, in mice too, the lack of estrogen, besides a negative influence on GH secretion, reduces the boneprotective effect of GH (30) .
In contrast, the positive effect of HEXA on diaphyseal BMC might reflect the higher sensitivity to the GH/IGF system of cortical bone sites (14) . Inferential support to this view also derives from the observation that, in aged OVX rats, GH or IGF-I, reportedly, did not influence any biochemical or morphometric parameter of trabecular bone remodeling, but did increase femoral diaphyseal cortical bone (31) . Moreover, in adult OVX rats IGF-I increased the BMD at the tibial diaphysis but not at the lumbar vertebrae (32) .
Another important mechanism contributing to the increased sensitivity of cortical femoral bone to HEXA when ovarian hormones are lacking may rest on a synergistic interaction between GH/IGF and mechanical stimuli. Since OVX induced a significant increase in BW, and the femur more than the spine is exposed to weight-bearing stress, it might be surmised that an increase in mechanical loading had amplified the bone anabolic effects of GH/IGF at femoral diaphyseal sites. In this context, Yeh et al. (33) have found a positive interaction of exercise and a low GH dose on cortical surfaces of the tibia and a negative interaction in vertebrae.
It is noteworthy that the skeletal effects of HEXA herein detected in female rats were different from those previously observed in male rats (11) . In contrast to females, in orchidectomized males HEXA prevented the decrease in vertebral BMD and the increase in the urinary excretion of bone resorption markers. The complex estrogen -GH/IGF interactions discussed above and the sex-related difference in the GH secretory response to HEXA (male . female) in rats (34) might explain the gender difference detected in the bone response to HEXA (11, and this study). Interestingly, also in humans, the bone effects of GH-replacement therapy have been reported to display a similar gender difference (35) .
In summary, the present data indicate that the effect of a GHS on bone is estrogen-dependent. To optimize the anabolic action on bone of estrogen-replacement therapy, further research is needed to characterize the complex interactions between estrogens and the stimulation of GH/IGF function. Hopefully, such studies will also help clarifying the potential benefit of combining a GH-releasing molecule with estrogens to counteract postmenopausal bone loss.
